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The functional layers of few-layer two-dimensional (2-D) thin flakes on flexible polymers for stretchable 
applications have attracted much interest. However, most fabrication methods are "indirect" processes that 
require transfer steps. Moreover, previously reported "transfer-free" methods are only suitable for graphene 
and not for other few-layer 2-D thin flakes. Here, a friction based room temperature rubbing method is 
proposed for fabricating different types of few-layer 2-D thin flakes (graphene, hexagonal boron nitride 
(h-BN), molybdenum disulphide (MoS 2 ), and tungsten disulphide (WS 2 )) on flexible polymer substrates. 
Commercial 2-D raw materials (graphite, h-BN, MoS 2 , and WS 2 ) that contain thousands of atom layers were 
used. After several minutes, different types of few-layer 2-D thin flakes were fabricated directly on the 
flexible polymer substrates by rubbing procedures at room temperature and without any transfer step. 
These few-layer 2-D thin flakes strongly adhere to the flexible polymer substrates. This strong adhesion is 
beneficial for future applications. 

Recent developments in electronics, photonics, and mechanics have increased the demand for mono- and 
few-layer two-dimensional (2-D) thin flakes 1 ' 2 , such as graphene 1 " 4 , hexagonal boron nitride (h-BN) 5-8 , 
molybdenum disulphide (MoS 2 ) 6 " 12 , and tungsten disulphide (WS 2 ) 6 " n . The novel properties 13 " 19 of these 
materials enable their use for many applications 1 " 12,20 " 23 . 

Within this broad range of applications, stretchable films that are composed of mono- and few-layer 2-D thin 
flake functional layers on flexible polymers have attracted interest 22,24,25 . Several methods, including liquid-phase 
exfoliation, chemical vapour deposition (CVD), and chemical approaches, have been studied for fabricating 
mono- and few-layer 2-D thin flakes on polymer substrates 26 " 35 . 

However, these approaches are "indirect" fabrication approaches 26 . After mono- and few-layer 2-D thin flakes 
are prepared in liquids 27 " 29 or on templates 30 " 32 , an additional step is required to "transfer" the 2-D thin flakes to 
the polymer substrate 26,33 . Thus, recently developed "transfer-free" processes for attaching graphene and its 2-D 
analogues on polymer substrates are important 26,33 " 35 . However, these "transfer-free" methods have only been 
applied to graphene. In addition, these methods are unsuitable for use with other 2-D thin flakes. Furthermore, 
most of these methods require processing temperatures that are greater than 150°C, which common polymers 
cannot withstand. 

Here, a room temperature rubbing method that is based on the friction and self-lubricating properties of the 2- 
D layered materials is proposed for the transfer-free fabrication of few-layer 2-D thin flakes on polymer sub- 
strates. Different types of few-layer 2-D thin flakes were directly fabricated on flexible polymer substrates with 
commercial two-dimensional raw materials (composed of thousands graphite, h-BN, MoS 2 , and WS 2 atomic 
layers) after performing rubbing procedures for several minutes at room temperature with no transfer step. 

Results 

Advantages of rubbing method. The experiment details are given in Figure 1 and the Methods section. 

This rubbing method has the following important advantages: (1) producing a variety of few-layer 2-D thin 
flakes, (2) the rapid fabrication procedures (minutes) at room temperature, (3) the direct fabrication on flexible 
polymer substrates without any transfer step, (4) low raw material costs, and (5) a strong surface adhesion 
between the few-layer 2-D thin flakes and the flexible polymer substrates. 

Characterization results of the few-layer 2-D thin flakes. Commercial 2-D raw materials with thousands of 
atom layers were used as starting materials (see FSEM images of raw materials in the Supplementary 
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Figure 1 | Diagram of the rubbing steps: (a) Step-1, Sandpaper Rubbing Step, (b) Step-2, Smoothing Step, (c) Step-3, Soft Contact Rubbing Step. 



Information). Because poly( ethylene terephthalate) (PET) films are 
very smooth (see the FSEM and AFM images of the raw PET in the 
Supplementary Information), they were used as flexible polymer 
substrates for field emission scanning electron microscopy (FSEM), 
atomic force microscopy (AFM), and other optical characterisations. 
In addition, polyvinylchloride (PVC) films were used as a flexible 
polymer substrate for Raman characterisation because the Raman 
peak positions of the PVC do not interfere with the graphene, 
MoS 2 , and WS 2 peak positions. 

Figure 2a shows that the 514 nm peak in the Raman spectra 
changes, with a clear red shift of 2D from approximately 
2720 cm" 1 for the raw graphite powders to approximately 
2690 cm" 1 for the few-layer graphene. In addition, the G/2D intens- 
ity ratio decreased significantly from the raw graphite powders to the 
few-layer graphene. When comparing these results with previous 
findings 36 " 38 , the Raman spectra of graphene suggested that five car- 
bon atom layers occurred in the few layers of graphene on the PVC 
substrate. Furthermore, the polycrystalline features that were 
revealed by the D peak originated from the polycrystalline raw graph- 
ite powders (see the D peak of the raw graphite powders in Figure 2a 
and the FSEM image of the raw graphite powders in the Supplemen- 
tary Information). 

Figure 2b contains an AFM image of the few-layer graphene on the 
PET substrate. The thickness of the graphene layer was approxi- 
mately 1.15 nm. According to previous research 37,39 , graphene 
monolayers on substrates are approximately 0.65 ~ 0.95 nm thick. 
In addition, each additional carbon atom layer is approximately 
0.34 nm thick. Thus, based on the calculated graphene thickness 
on the PET substrate, 5 or fewer carbon atom layers occurred. The 
AFM results are consistent with the Raman spectra results. 



Figure 2c shows an AFM image of few-layer h-BN on a PET 
substrate. The thickness of this layer is approximately 1.70 nm. 
Based on previous results 5 ' 40 , a monolayer of h-BN on a substrate is 
approximately 0.60 ~ 0.90 nm thick. In addition, each additional h- 
BN atom layer is approximately 0.333 nm thick. Thus, the calculated 
thickness of few-layer h-BN on the PET substrate corresponded with 
to 5 or fewer atom layers. 

In addition to the AFM images, Figures 2d and e provide separate 
FSEM images of the few-layer graphene and h-BN on the PET sub- 
strate, respectively. The morphology of these films is very similar, 
which was expected because the graphite and h-BN have similar 
layered atom structures. 

Optical microscopy was used to provide the images of the few-layer 
graphene and h-BN on the PET substrate (Figures 2f and g, respect- 
ively). These flakes are presented on a scale of tens of micrometres. 

Figure 3a shows the change in the trend for the 514 nm peak in the 
Raman spectra. Specifically, a 0.4 cm" 1 blue shift occurs for the 
Raman peak position between the raw MoS 2 powders and the few- 
layer MoS 2 on the PVC substrate. In addition, a 0.9 cm" 1 red shift of 
the A lg Raman peak position between the raw MoS 2 powders to 
the few-layer MoS 2 on the PVC substrate occurred. By comparing 
these results with previously observed Raman spectra of few-layer 
MoS 2 41 " 43 , it was observed that no more than 4 MoS 2 atom layers 
occurred on the PVC substrate. 

An AFM image of the few-layer MoS 2 on the PET substrate is 
presented in Figure 3b. The thickness of this layer is approximately 
2.95 nm. According to previous research 43 ' 44 , a monolayer of MoS 2 
on a substrate is approximately 0.70 ~ 1.00 nm thick. In addition, 
each additional MoS 2 atom layer is approximately 0.62 nm. Thus, 
the calculated thickness of the few-layer MoS 2 on the PET substrate 
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Figure 2 | (a) Comparison of the Raman spectra. Green and grey lines correspond to the few-layer graphene on PVC substrate and raw graphite 
powders, respectively, (b) AFM image of few-layer graphene on PET substrate, (c) AFM image of few-layer h-BN on PET substrate, (d) FSEM image of 
few-layer graphene on PET substrate, (e) FSEM image of few-layer h-BN on PET substrate, (f) Optical image of few-layer graphene on PET substrate, 
(g) Optical image of few-layer h-BN on PET substrate. 



corresponds to 5 or fewer MoS 2 atom layers. The AFM results are 
consistent with the Raman spectra results. 

The AFM image of the few-layer WS 2 on the PET substrate is 
shown in Figure 3c. The thickness of this film is approximately 
3.05 nm. Based on previous results 45 , a monolayer of MoS 2 on a 
substrate is approximately 1.00 nm thick. In addition, each additional 
WS 2 atom layer is approximately 0.625 nm. Thus, the calculated 
thickness of the few-layer WS 2 on the PET substrate corresponded 
with 5 or fewer WS 2 atom layers. 

The FSEM images of the few-layer MoS 2 and WS 2 on the PET 
substrates are presented in Figures 3d and e, respectively. The 
morphologies of these films are very similar, which was expected 
because MoS 2 and WS 2 have very similar layered atomic structures. 

The optical images of the few-layer MoS 2 and WS 2 on the PET 
substrates are provided in Figures 3f and 6, respectively. These flakes 
are presented on a scale of tens of micrometres. 

Surface stability and related application. One major concern regard- 
ing the use of few-layer 2-D thin flakes on flexible polymer substrates 
is the low surface stability of these products 46 . This low surface 
stability results from the poor surface adhesion between the poly- 
mer films and the few-layer 2-D thin flakes. This poor adhesion 
generally necessitates an additional protective layer for further 
applications. In contrast, our previous results have shown that 2-D 



sheets fabricated on polymer substrates by rubbing have much 
stronger surface adhesion 47 " 49 . In the FSEM images (Figures 2d 
and e and Figures 3d and e), most of the 2-D thin flakes on the 
PET substrate have embedded boundaries (boundary lines are 
ambiguous). This finding agrees with previous findings, including 
those presented in Ref. 49. In addition, these embedded boundaries 
offer 2-D thin flakes that are much stronger than other materials that 
are attached to PET films. In this study, the two types of destructive 
surface treatments that were used indicated that our samples 
displayed strong surface stability. In this section, graphene/PET 
films with similar properties were used in destructive surface treat- 
ments (details of the destructive surface treatments are provided in 
the Methods section). These films were used because their changes in 
resistivity and transparency changes can be tested accurately. Two 
pieces of the graphene/PET films were used for the following 
comparative experiments. (1) The tape test was used to reflect the 
surface adhesion between the polymer film and functional layer. 
Next, it was observed that the changes in contrast resistivity and 
transparency were within 0.1%, which indicated that our samples 
withstood tape testing. (2) Ultrasonic cleaning is generally an 
important preparatory part of procedures for several applications. 
Thus, we studied the effects of ultrasonic cleaning on our samples. 
After 1 hour of ultrasonic cleaning, the contrast resistivity and 
transparency changes were within 1.0%. Thus, our samples could 
withstand a long period of ultrasonic cleaning. 
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Figure 3 | (a) Comparison of the Raman spectra. The red and blue lines correspond to the few-layer MoS 2 on PVC substrate and raw MoS 2 powders, 
respectively, (b) AFM image of few-layer MoS 2 on PET substrate, (c) AFM image of few-layer WS 2 on PET substrate, (d) FSEM image of few-layer MoS 2 
on PET substrate, (e) FSEM image of few-layer WS 2 on PET substrate, (f) Optical image of few-layer MoS 2 on PET substrate, (g) Optical image of 
few-layer WS 2 on PET substrate. 



The high surface stabilities of our samples are beneficial for several 
applications, including flexible transparent conductive films (TCF) 
with high stability (Figures 4a and 4b). 

Here, the application of our TCFs as transparent strain sensors was 
investigated. These investigations were made because the strain sen- 
sor is an important sensor that is used in many different applications 
where mechanical deformation is analysed. In addition, graphene 
networks on polymers can form a type of strain gauge, which com- 
bines cheap and scalable production with high sensitivity and novel 
and attractive properties. 

Polyurethane (PU) films were used as substrates for these strain 
sensors because PU is more sensitive to strain than PET. Figure 4c 
and 4d shows two typical curves of changing resistance AR as a 
function of mechanical strain 8. The calculated strain gauge factor 
(approximately 51) from Figure 4d was comparable with the strain 
gauge factors for the materials that were fabricated from the CVD 
grown or liquid- exfoliated graphene 50 ' 51 . In addition, this graphene 
gauge resulted in a good linear response over a wide range of mech- 
anical strains, which demonstrates the usefulness of the rubbing 
method for strain sensing. 

Discussion 

Friction, which can be imposed on target substrates at room temper- 
ature, is closely linked with self-lubricated layered materials, such as 
graphite. At the end of the 20th century, friction was predicted to be a 



potential technique for fabricating graphene on target substrates 52 . In 
2004, graphene nanosheets with a thickness of between 10 and 
100 nm were fabricated on Si0 2 by using a micromechanical manip- 
ulation technique 53 , and this technique was closely related to the 
friction technique. In 2005, two-dimensional atomic crystals were 
observed on a solid surface after rubbing the layered crystals (includ- 
ing graphite) with solid materials 54 . However, the target substrates 
that were reported in these studies were solid materials rather than 
flexible polymers. 

In 2012, based on the friction and self-lubrication properties of the 
two-dimensional layered materials, we proposed rubbing methods 
for the transfer-free fabrication of two-dimensional nanosheets on 
flexible polymer substrates at room temperature within minutes of 
these procedures 47 ' 48 . However, the thicknesses of the nanosheets that 
were obtained from our previous rubbing methods were approxi- 
mately 100 to 200 layers (much thicker than mono- and few-layer 2- 
D thin flakes, which have layers with less than 10 atoms). 

In 2013, an innovative smoothing step was developed that uses a 
self-lubricated smooth rubbing medium that formed by orderly 
arranged graphite sheets. The function of the smooth rubbing med- 
ium surface during the rubbing procedures enabled the fabrication of 
few-layer graphene (with 2 to 9 carbon atom layers) on the polymer 
substrate at room temperature 49 . However, this smoothing step can 
only be conducted for graphene and is not suitable for other few- 
layer 2-D thin flakes. 
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Figure 4 | (a) Properties of the different flexible TCFs based on graphene/PET (green line) and graphene/PU films (blue and red lines), (b) Photo and 
stability after bending the graphene/PET on flexible TCF. (c) and (d) depict the changes in resistance as a function of the mechanical strain of graphene/ 
PU films. 



In this study, innovative technical changes have led to the design of 
a Universal Smoothing Step for different 2-D raw materials (graph- 
ite, h-BN, MoS 2 , and WS 2 ) and the formation of self-lubricated 
smooth rubbing mediums with different kinds of orderly arranged 
2-D layered sheets. The Universal Smoothing Step and the resulting 
self-lubricated smooth rubbing mediums are essential for the fab- 
rication of few-layer 2-D thin flakes on polymer substrates. 

A detailed physical relationship between the formation of the 
smooth rubbing medium and the fabrication of the few-layer 2-D 
thin flakes was discovered by analysing the FSEM morphology of the 
sandpaper after Step-1. 

In this section, the sandpapers from fabricating all 4 of the few- 
layer 2-D thin flakes were tested and compared. These sandpapers 
were marked as Sandpaper-G, Sandpaper-B, Sandpaper-M and 
Sandpaper- W, which corresponded with the fabrication of few-layer 
graphene, few-layer h-BN, few-layer MoS 2 and few-layer WS 2 , 
respectively. 

Figures 5 and 6 clearly illustrate that an important change in the 
sandpapers' occurred after the "smoothing" procedure in Step-2. In 
this case, the area of the coarse portion became smaller and the area 
of the smooth portion became larger. 

In the smooth areas, the 2-D sheets covered the sandpaper and 
served as a smooth rubbing medium (Figures 5e and f and 6e and f). 
However, in the coarser portions, the attachment of the 2-D sheets to 
the sandpaper was disorderly. 

The smooth rubbing mediums and the 2-D sheets of sandpaper 
were worked together during the rubbing process in Step-3. The 2-D 
sheets were rubbed onto the polymer substrates by using "soft pres- 
sure" during Step-3. These 2-D sheets were rubbed with the smooth 
rubbing mediums during Step-3. The self-lubricating property of the 
smooth rubbing medium is important for fabricating few-layer 2-D 
thin flakes on polymer films. Because if the rubbing mediums have a 
high friction coefficient, the 2-D sheets on the polymer substrates can 
be rubbed away by them. 

Similar surface fractal evolutions were observed in our previous 
studies for all of the rubbing surfaces that were used in this study 
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Figure 5 | (a) FSEM image of Sandpaper-G before Step-2. (b) FSEM image 
of Sandpaper-B before Step-2. (c) FSEM image of Sandpaper-G after Step-2. 
(d) FSEM image of Sandpaper-B after Step-2. (e) High-magnification FSEM 
image of the smooth rubbing medium of Sandpaper-G after Step-2. 
(f) High-magnification FSEM image of the smooth rubbing medium of 
Sandpaper-B after Step-2. 
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Figure 6 | (a) FSEM image of Sandpaper-M before Step-2. (b) FSEM 
image of Sandpaper-W before Step-2. (c) FSEM image of Sandpaper-M 
after Step-2. (d) FSEM image of Sandpaper-W after Step-2. (e) High- 
magnification FSEM image of the smooth rubbing medium of Sandpaper- 
M after Step-2. (f) High-magnification FSEM image of the smooth rubbing 
medium of Sandpaper-W after Step-2. 

(Table 1). These evolutions potentially cause changes in the ratio of 
coarse portions to smooth portions. The ratio of the coarse portions 
to smooth portions is important in Step-3. If there were no "smooth- 
ing" procedures, the coarse portions would be very large relative to 
the smooth portions (Figures 5a and c and 6a and c). In addition, too 
many 2-D sheets would be rubbed on the polymer substrates. Finally, 
the relatively small smooth rubbing mediums would not be sufficient 
for rubbing the excess 2-D sheets to achieve a desired thickness of 
only a few layers of 2-D thin flakes. Thus, without these smoothing 
procedures, more than 10 layers of 2-D nanosheets would occur on 
the polymer substrates. In contrast, if the "smoothing" time in Step-3 
is very long, the areas of the coarse portions are small relative to the 
areas of the smooth rubbing mediums (Figures 5b and d and 6b and 
d). Thus, the amount of the 2-D sheet that was rubbed on the poly- 
mer substrate was small. In addition, the relatively large smooth 
rubbing mediums can be used to reduce the 2-D sheets to 2-D thin 
flakes. In addition, the fractal dimensions of the few-layer 2-D thin 
flakes were similar to the fractal dimensions of the smooth rubbing 
surfaces (Table 2), which indicated that a linkage occurred between 
fractal evolution and growth in the few-layer 2-D thin flakes. 

Additional comparative results on the specific conditions of soft 
contact rubbing step are discussed in the Supplementary Information. 



Table 2 Calculated fractal dimensions 
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1.305 1.292 


flakes on PET 







The high resolution FSEM images (Figure 5e, f and Figure 6e, f) 
clearly show the presence of defects, which may cause existence of 
small flakes and affect the film surface quality of samples. Since 
defects can have a strong influence on the properties of 2-D materials 
based films 55 ' 56 , and on the other side, the control of defects allows 
making preparation of 2-D materials based films with novel prop- 
erties 56 ' 57 . Several potential methods as following may bring further 
improvements on the quality and deserve future studies: (1) using 
raw 2-D materials with higher quality, or pre-treat (e.g. ultrasonic 
cleaning and centrifugation) the raw materials to obtain more homo- 
geneous starting materials, (2) Post-processing on the sandpaper 
surfaces after smooth rubbing step to obtain smooth rubbing 
mediums with higher quality. 

According to the experimental and theoretical reports on the fric- 
tion properties of mono-and few-layer 2-D materials, double to sev- 
eral atom layers of 2-D materials can lead to a significantly better 
lubrication property than single atom layer 2-D materials 58 ' 59 . These 
could result in the friction increment upon thinning of the 2-D thin 
flakes when in the range of few-layer. And the development progress 
of rubbing method from 2012 did show that it becomes more and 
more difficult to remove layers when approaching mono -layer 2-D 
thin flake. Thus, the limit on the atom layer numbers of 2-D thin 
flakes fabricated from current rubbing procedures and the special 
points of further improvements to get mono -layer 2-D flakes are 
needed to be explored. 

In summary, we fabricated different types of few-layer 2-D thin 
flakes directly on flexible polymer substrates by using commercial 2- 
D raw materials with thousands of atom layers. During this fabrica- 
tion process, rubbing procedures were performed for several minutes 
at room temperature without any transfer step. This rubbing method 
has the following important advantages: (1) producing a variety 
of few-layer 2-D thin flakes, (2) the rapid fabrication procedures 
(minutes) at room temperature, (3) the direct fabrication on flexible 
polymer substrates without any transfer step, (4) low raw material 
costs, and (5) a strong surface adhesion between the few-layer 2-D 
thin flakes and the flexible polymer substrates. The sizes of the 
few-layer 2-D thin flakes were approximately tens of micrometres. 
The physical relationship between the formation of the smooth 
rubbing mediums and the few-layer 2-D thin flakes is discussed 
based on the morphological changes of the sandpaper surfaces after 
each step. This study provides highly efficient, low cost, and direct 
fabrication of few-layer 2-D thin flakes at room temperature. The 
resulting few-layer 2-D thin flakes strongly adhered to the flexible 
polymer substrates. These results demonstrated that rubbing meth- 
ods are potentially important in the fabrication and application of 
nanomaterials. 

Methods 

Raw materials. Polytetrafluoroethylene (PTFE) films are needed to assist the 
Sandpaper Rubbing Step (Step-1), and PET films are needed as smoothing mediums. 
PET, PVC and PU films are used as flexible polymer substrates. Several pieces of 



Table 1 Calculated fractal dimensions of the sandpaper surfaces before and 
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polishing sandpapers are required for the method. A series of commercial graphite, h- 
BN, MoS 2 , WS 2 powders are needed as raw materials. 

Step-1, Sandpaper Rubbing Step. The commercial raw powders were rubbed 
between PTFE films and polishing sandpaper (Figure la) by applying gentle pressure 
(0.1 MPa) for 20 seconds. This gentle pressure was transferred by commercial rubber 
(shown as the yellow rectangles in Figure la) that was fixed on commercial glass 
blocks. In addition, this step was used to apply a thin and uniform layer of powder on 
the polishing sandpapers. The rubbing track can be described as "revolution without 
self- rotation" (like the rubbing track from our previous studies 47 " 49 ). The rubbing rate 
was 200 rpm and the rubbing diameter was 0.5 cm. 

Step-2, Smoothing Step. After fixing a PET film on commercial rubber (the light grey 
piece on the yellow rubber in Figure lb), we rubbed the polishing sandpaper on the 
PET film by applying soft pressure (0.04 MPa) over different periods (50-300 
seconds for the different 2-D raw materials). This soft pressure was transferred by 
commercial rubbers (shown as the yellow rectangles in Figure lb) that were fixed on 
commercial glass blocks. The rubbing track that was used in this study corresponds 
with the rubbing track that was used in our previous studies 47 " 49 . Here, a rubbing rate 
of 200 rpm and a rubbing diameter of 0.5 cm were used. Following this rubbing 
process, the polishing sandpaper surface had different degrees of smoothness that 
corresponded with the rubbing periods. 

Step-3, Soft Contact Rubbing Step. After fixing a polymer film (PET or PVC or PU) 
on a commercial piece of rubber (the light grey piece on yellow rubber in Figure lc), 
the polymer film was rubbed with the polishing sandpaper by applying soft pressure 
(0.1 MPa) for 40 seconds. This soft pressure was transferred by commercial rubbers 
(shown as the yellow rectangles in Figure lc) that were fixed on commercial glass 
blocks. The rubbing track that was used in this study was the same that was used in 
our previous studies 47 " 49 . A rubbing rate of 200 rpm and a rubbing diameter of 0.5 cm 
were used. This rubbing process was used to fabricate the sample. 

After Step-3, the samples were washed in deionised water in an ultrasonic bath for 
1 min. 

Surface Destructive Treatments. (1) Bending test: The sample was bent in a semi- 
circular shape for 2 seconds. This process was repeated between 1 and 1000 times. (2) 
Tape test: A commercial tape was pasted and pressed on one piece of the sample at a 
pressure of 1 MPa for 30 min before tearing the tape off. (3) Long term ultrasonic 
cleaning test: One piece of the sample was placed an ultrasonic bath containing 
deionised water and cleaned for 1 hour. 

Materials characterizations. Raman spectra of few-layer graphene and few-layer 
MoS 2 on PVC films were characterized by Raman spectrometry (514 nm). The 
thicknesses of few-layer 2-D thin flakes on PET films were tested by Atomic Force 
Microscopy (AFM). The sizes and distribution of few- layer graphene on PET films 
were observed by Optical microscopy. The morphology of few-layer 2-D thin flakes 
on PET films and the morphology changes of polishing sandpaper surface were 
characterized by Field emission Scanning Electron Microscopy (FSEM). Sheet 
resistance and optical transparency measurements of flexible transparent conductive 
films (few-layer graphene/PET and few-layer graphene/PU films) were taken by 
Four-probe tester and UV-Vis Spectrophotometry, respectively. 

Strain sensors fabrication and characterizations. Such sensors were fabricated by 
printing silver pads (4 cm X 1.0 cm) onto 4 cm X 6.0 cm sized few-layer graphene/ 
PU films' surfaces to define a patterned specific shape. The strain gauge factors were 
calculated by testing the resistivity changes under different strain ratios as Ref. 50 and 
Ref. 51. 

Fractal dimension calculations. The surface evolution behavior on sandpaper 
surfaces during Step-3 were studied using the fractal power law equations 60 : 

N(s)=k8- D , (1) 

N(ns) = n- D N(s), (2) 

Where s is the side length unit of box for coverage of boundary, N(s) and N(ns) are the 
numbers of boxes (with different side lengths: ns) needed to cover the boundary, D is 
the fractal dimension. In this study, n= 1, 2, 3, 4, 5 were used to calculate value of D by 
box-counting method 60 . 
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